We report cross sections for ionization of He coincident with electron loss from He, Li, C, O, and Ne projectiles. For He, Li, C, and O projectiles, the cross sections were measured directly, while the Ne cross sections were obtained by transforming results for He projectiles colliding with Ne. We find that, at energies of about 100-500 keV/u, neutral projectiles can ionize a He target almost as effectively as a charged projectile. The contribution to ionization due to electron-electron interactions is found to scale with the number of available projectile electrons. Comparing ionization by the bound electrons on projectiles to ionization by free electrons, we find that the cross sections for ionization by bound electrons are systematically smaller than those for free electrons.
I. INTRODUCTION
In contrast to the vast number of experiments that have explored ion-atom collisions in great detail, relatively little experimental information is available about energetic atomatom interactions. This lack of information is unfortunate in light of the fact that all energetic ions passing though gaseous or condensed-phase media slow down and capture electrons. If the medium is thick enough, at some point their charge will be totally neutralized. In subsequent interactions, these neutral projectiles can ionize the medium or be ionized themselves. Thus, information about fast atom-atom collisions as a function of impact energy has a practical importance relating to energy deposition and track structure models.
Energetic atom-atom collisions are also of fundamental interest, since they represent a unique subset of dressed ionatom collisions. Here "dressed" is used to indicate that the incoming particle possesses bound electrons prior to the collision. Interactions between two neutral particles provide a unique proving ground to study inelastic processes where no long-range Coulomb forces are present along the incoming trajectory. At first glance one might expect that the interaction cross sections in atom-atom collisions would be much smaller than those induced by their singly charged ion counterparts, e.g., target ionization induced by H versus H + impact. However, experimental studies ͓1-3͔ have shown that targets are ionized by neutral atoms nearly as efficiently as by singly charged ions.
Neutral projectiles are effective ionizers, because there are two ionization mechanisms which operate for dressed particle impact ͑meaning either neutral atoms or partially stripped ions͒. The first mechanism, sometimes referred to as the electron-nuclear interaction, as a singly inelastic process, or as the screening contribution, results from Coulomb interactions between the partially screened nuclear charge of one collision partner and electrons bound to the other partner. In this paper we shall use the term electron-nuclear ͑e-n͒ when referring to these processes. The e-n cross sections scale as the square of an effective projectile charge Z eff , which is generally determined by comparing cross sections measured for partially stripped ion impact with those measured for fully stripped ion impact and assuming that the cross sections scale as Z eff 2 . By this method, it is typically found for lowcharge-state ions that Z eff Ϸ q, the net charge.
The second ionization mechanism involves direct interactions between target and projectile electrons. In this mechanism, both electrons are excited or ionized. As this present paper is concerned with liberating electrons to the continuum, the term ionization will generally be used, but the following descriptions and discussions also apply to exciting electrons to discrete states. This second mechanism has been referred to as the electron-electron interaction, as a doubly inelastic process, or as the antiscreening term. Here we shall use the term electron-electron interaction, designated as e-e. As pointed out previously ͓4͔, e-e processes are expected to scale with the number of loosely bound projectile electrons, N.
Some years ago, DuBois and Manson ͓4͔ investigated these e-e scaling predictions. Using experimental data and theoretical arguments for H and He atom impact ionization of helium, they concluded that e-e processes dominated the total target ionization cross sections for fast atom impact. In the present paper, we reconsider this question in more detail and consider a more extensive set of neutral projectiles. We will present data for helium atom impact data for impact energies between 12.5 and 500 keV/u and data for atomic lithium, carbon, and oxygen impact for selected energies between 100 and 500 keV/u. In addition, data for atomic helium impact on neon between 25 and 500 keV/u are presented. In all cases, coincidences between projectile and target ions and between neutral projectiles and target ions were measured. When combined with total electron loss cross sections for projectile ionization which were measured or taken from the literature, we are able to investigate singleand multiple-electron removal processes from either the target or from the projectile, or from both, over a fairly broad range of impact energies and projectile Z. Also, by exchanging the roles of target and projectile, the He-Ne data allow us to investigate the relative importance of e-e versus e-n processes and their scaling behavior over a broader range of projectile Z than previously possible.
II. THEORETICAL EXPECTATIONS AND SCALING BEHAVIOR FOR e-n AND e-e PROCESSES
A theoretical description of inelastic atomic processes, using the Born approximation, was presented many years ago by Bates and Griffing ͓5͔ and Bell et al. ͓6, 7͔ . Later, similar Born formulations were employed to calculate differential electron emission cross sections for partially stripped ion impact ͓8-10͔. To outline the various processes and their scaling behavior, we shall use the nomenclature of Ref. ͓10͔ and restrict ourselves to ionization processes; although, as stated in the Introduction, many of the same arguments and conclusions also apply for excitation processes.
In the Born approximation, the doubly differential cross sections for target ionization by a dressed projectile with net charge q = Z − N, where Z is the nuclear charge and N is the number of bound electrons, are given by the sum of two contributions:
Here d 2 ͑⑀͒ is the differential cross section for liberating an electron of energy ⑀, A͑⑀ , K͒ contains all information about the target atom from which the electron is liberated, and F͑K͒ is the single-electron form factor as a function of momentum transfer K for the initial state of the collision partner ͑projectile͒, i.e., F͑K͒ = ͗i͉e iKr ͉i͘. By definition, 0 Ͻ ͉F͉ Ͻ 1 for 0 Ͻ K Ͻϱ, which corresponds to large-and small-impactparameter collisions, respectively. Note that the integrations are from some minimum momentum transfer to some maximum value and that the two limits are different in the two equations. The reader is referred to Ref. ͓10͔ for additional details.
Equation ͑1͒ describes interactions where the bound projectile electrons play a passive role in the collision, i.e., they simply serve to partially screen the projectile nuclear charge. These are the e-n interactions discussed in the Introduction. In these interactions the target is ionized, while the projectile remains in the ground state. For e-n processes, the cross section scales as the square of an effective projectile charge Z eff , which is the bracketed term in Eq. ͑1͒. Also note that Z eff depends on the momentum transfer and, hence, on the impact parameter, but for total ͑integral͒ cross sections the standard experimental definition is to use an average value determined by comparing cross sections measured for partially and fully stripped ion impact. As a result of such comparisons, it is found that Z eff Ϸ q, and, since q Յ Z, the ionization cross sections resulting from e-n processes are smaller for dressed ion impact than for fully stripped ion impact.
Equation ͑2͒ describes direct interactions between projectile and target electrons. These e-e processes result in both the target and the projectile electrons being excited or ionized, which requires the minimum momentum transfer to be larger than for e-n processes. Also, because the "collision" is now between two electrons rather than between a heavy nucleus and an electron, the maximum momentum transfer is smaller for e-e processes than for e-n processes. In spite of these narrower limits, e-e processes imply a larger ionization cross section for dressed ion impact than for fully stripped ion impact, since they are present for one but not the other. Finally, note that Eq. ͑2͒ implies that e-e processes should scale linearly with the number of electrons bound to the incoming projectile, N.
Before going into more detail on the scaling behaviors, note that the above formulas can also be used to determine ionization of the projectile. In this case, the roles of the projectile and target quantities in the above discussion are interchanged, the projectile ionization cross sections are calculated, and a transformation is made to the laboratory frame of reference.
We now turn our attention to what Eqs. ͑1͒ and ͑2͒ predict about the relative importance of e-e and e-n processes and what scaling dependences are expected for different collision systems. As was pointed out previously, the major differences between Eq. ͑1͒ and Eq. ͑2͒ are the bracketed terms ͓10͔. In Table I are values of the bracketed terms for various momentum transfer K. Recall that K varies from 0 to ϱ as the impact parameter varies from ϱ to 0, and over this range F͑K͒ varies from 1 to 0. Thus, using the extreme values for the electron form factor F, we obtain estimates of the relative importance of e-e and e-n processes for large-and smallimpact-parameter collisions; we also obtain how the e-e and e-n contributions should scale as a function of the projectile Z and the number of bound electrons, N. This is done for all types of dressed particles, namely, for partially stripped ion and for neutral atom impact. For dressed ion impact, the maximum relative importance of the e-e process is also ob-tained since, unlike the situation for neutral particle impact, it does not occur when F =1.
As shown in Table I , for neutral particle impact the relative importance of e-e interactions is maximum and in fact dominates for large impact parameters ͑K → 0͒. This implies that e-e interactions should dominate the total ionization cross section, since total cross sections are largely determined by large-impact-parameter collisions. In contrast, for partially stripped ion impact, the relative importance of e-e processes is maximized at some intermediate impact parameter ͑momentum transfer͒ and the ratio ͑e-e͒ / ͑e-n͒ is always less than 0.5, which is the limiting value for singly charged very heavy ions ͑i.e., N = Z − 1 and Z → ϱ͒. As for scaling expectations, total cross sections for target ionization by fast, neutral atom impact should scale linearly with the number of bound electrons for the e-e process whereas the e-n process should show a quadratic dependence with N.
Since the e-e process involves direct interactions between projectile and target electrons, it is a special type of electron impact ionization process, the differences being that in e-e ionization processes, the minimum energy transfer is the sum of the projectile and target electron binding energies, whereas for electron impact it is only the target binding energy. Also, for the e-e process, the projectile electrons do not impact with a single fixed velocity but rather with a velocity distribution centered on the projectile velocity. However, for impact energies far above threshold, e-e cross sections should be comparable to electron impact cross sections multiplied by N.
In the next section, we describe how cross sections appropriate for testing these predictions were obtained using projectile-target ion coincidence techniques. It is important to emphasize that the e-e process is a first-order process which results in ionization or excitation of both collision partners whereas the e-n process ionizes ͑or excites͒ only one of the partners. Thus, information about e-e processes can be obtained by measuring events where both the projectile and the target are ionized. However, keep in mind that second-order processes, i.e., ͑e t -n p ͒͑e p -n t ͒, where the target and projectile quantities are explicitly designated, also can ionize both collision partners. Since at higher energies the first-order ͑e-e͒ process will dominate ͓11͔, data of the type presented here are required at the highest impact energy possible. We would like to point out that an alternative method ͑recoil ion momentum spectroscopy͒ exists which can distinguish between these first-and second-order processes ͓12-15͔. Also, keep in mind that the coincidence measurements are only sensitive to ionization processes and that, if one of the partners is simply excited, not only will that flux be absent from the process of interest but it may be interpreted as being part of a different process. For example, in a H-He collision, if H is excited and He is ionized via an e-e interaction, this signal will experimentally appear as a coincidence between a nonionized projectile and an ionized target, and it would falsely be included in the e-n channel. Our method could not distinguish this problem although in principle recoil ion spectroscopy could. Typically, however, in the collisions studied here, these excitation-ionization processes are expected to make minor contributions relative to ionization-ionization processes, simply because the phase space is much smaller.
III. EXPERIMENTAL METHODS

A. Methods for He and Ne data
Data presented here were obtained at two different laboratories using entirely different experimental setups. The He-He and He-Ne data were measured at the Pacific Northwest Laboratories using methods previously described ͓1,16-18͔. The only difference in the present work relates to the production of a neutral helium beam. This was done by using electron capture reactions to neutralize a portion of an energetic He + beam extracted from a Van de Graaff accelerator. Strong electrostatic fields, approximately 1-2 kV/cm, immediately after the charge exchange cell and just before the target region were used to prevent any charged components of the beam from entering the interaction volume. An electrostatic charge state analyzer immediately following the target ͑approximately 4 cm downstream͒ was used to direct the desired postcollision projectile charge state on a movable channeltron detector, which counted the secondary electron emission from a metal plate. Data were collected first with no charge state analysis, so all charge states were counted together. Then the analyzer was adjusted to allow each of the possible charge components, i.e., −1, 0, +1, and +2, to be counted. For each case, the total number of extracted target ions was recorded. These data were normalized to each other using this information. To place them on an absolute scale, detection efficiencies for both the projectile and target detectors were taken from Refs. ͓16-18͔, and measurements using He + impact were performed and normalized to absolute cross sections ͓18͔ to calibrate the target density and overall target ion extraction efficiency. Once these parameters were known, identical experimental conditions were used to measure the He impact cross sections. To establish relative un-TABLE I. Scaling relations for e-e and e-n contributions to the ionization cross section for different momentum transfer regimes. The K → 0 limit implies that F =1−⑀ for ⑀ → 0. The ratio ͑e-e͒ / ͑e-n͒ is maximized for ion projectiles when F = N / Z. Finally, the K → ϱ limit implies F = ⑀ with ⑀ → 0.
Ion impact
Neutral impact ͑Z = N͒ e-e e -n ͑e-e͒ / ͑e-n͒ e-e e -n ͑e-e͒ / ͑e-n͒
certainties, measurements were repeated at selected impact energies. As a result, it was found that reproducibility errors were typically better than ±15% except for the smallest cross sections measured, where reproducibility was ±50% to 100% due to low statistics and other factors. After including errors associated with detection efficiencies and normalization, the absolute data presented here are considered to be accurate to approximately ±25% to 30%. These uncertainties do not account for any influence on the measured cross sections due to long-lived metastable components of the helium beam. From comparison of stripping cross sections which we measured using standard growth curve techniques with those reported by Pedersen et al. ͓19͔ for ground and excited state He impact and using the relative amounts of excited and ground state atoms they quoted for producing neutral beams using a technique similar to ours, it was concluded that our atomic helium beams contained a 25-30 % metastable component. Thus, our reported cross sections are subject to systematic errors associated with metastable atom impact. We should mention that the present data were measured some years ago but publication was delayed precisely because of this concern over unknown systematic errors. However, there is virtually no experimental information in the literature on this simple and fundamentally important collision system. Thus, these data are presented with the caution that the user must keep in mind the possible influence of metastable helium impact on the quoted cross sections.
B. Methods for Li, C, and O data
The lithium, carbon, and oxygen atom impact data were obtained using the ORNL EN tandem Van de Graaff facility. Beams of singly charged Li, C, and O ions were extracted, momentum analyzed, and then neutralized in a gas cell. As the beam emerged from the neutralizing cell, it passed between the poles of a permanent magnet which served to remove any remaining ions from the beam. The beam then passed through a 3.2-cm-long target gas cell after which the projectiles were charge-state analyzed by an electrostatic field and counted using a position-sensitive detector consisting of a microchannel plate chevron and a resistive anode encoder.
An electric field extracted recoil ions from the target cell. The recoil ions then passed through a field-free drift region and were accelerated onto a microchannel plate detector. The signals from the recoil and projectile detectors started and stopped, respectively, a time-to-amplitude converter whose output generated a time-of-flight spectrum of the recoil ions. Coincidence spectra of the projectile position and the recoil time of flight allowed the identification of the final projectile and recoil charge states.
These coincidence data were placed on an absolute scale by first measuring total capture and loss cross sections for each neutral beam using the growth method. Fractions of the different charge states emerging from the target gas cell were determined for several target gas pressures and a generalized, least-squares, linear fit of the charge fraction j as a function of pressure P yielded a slope proportional to the cross section. The cross sections were obtained from the slope
Here ij is the cross section for production of a projectile of charge j from an incoming projectile of charge i, k is the Boltzmann constant, and l eff is the effective length of the gas cell. The effective target gas cell length was found to be 5.7 cm, approximately 78% larger than the physical length, by normalizing our present total cross sections for single capture with those previously measured for 0.5 MeV/u C 6+ on He ͓20-23͔, for single ionization by 0.5 MeV/u C 6+ on He ͓24͔, for single ionization by 0.5 MeV/u Li 3+ on He ͓25͔, for capture by 0.1 MeV/u C 3+ on He ͓21͔, and for single loss, double loss, and capture by 0.1 MeV/u C on He ͓26͔.
Next, the coincidence spectra were accumulated for each beam at two different pressures within the single-collision regime in the gas cell. The yield of projectiles in each charge state coincident with the two recoil charge states was recorded and the cross section was calculated from
Here n ij is the cross section for producing a He n+ ion while the projectile goes from charge state i to j, Y n ij is the yield of coincidence counts for the corresponding recoil and projectile charge states, and I is the total number of incident projectiles. The overall coincidence detection efficiency was obtained by noting that the total single-charge transfer cross section must equal the sum of the pure capture and transfer ionization cross sections, i.e., i,i−1 = 1 i,i−1 + 2 i,i−1 . This last expression and Eq. ͑4͒ can be solved for in terms of measured coincidence yields and the total charge transfer cross section:
By this method, efficiencies were calculated using a wide variety of beam energies and charge states. The average value of these separate measurements was used in Eq. ͑4͒ to determine individual absolute cross sections. Uncertainties associated with detector efficiency and normalization procedures are on the order of ±15%. Each coincident cross section was repeated at different pressures in the single-collision regime, and the results were averaged. The uncertainty in the average provides a measure of the reproducibility error in the measurements which were typically of the order of ±10% except for the smaller cross sections, where the reproducibility error rose to ±30%.
IV. RESULTS AND DISCUSSION
We will use the following notation for the ionization cross sections: i 0j will represent the cross section where the final charge state of the target is i, and the projectile goes from charge 0 to charge j. The absolute cross sections obtained as described in the previous section are given in Tables II-VI . Also included in these tables are total electron loss cross sections, 0j , which were taken from the literature or directly measured. By subtracting the sum of all the i 0j from the total 0j , cross sections for ionization of the projectile via the e-n process were obtained. These are designated by 0 0j‫ء‬ , where the asterisk indicates that the value was obtained indirectly. Also included in the tables are total cross sections for target ionization, + , and for free electron production, − , for the collision.
In the discussions that follow, we will focus on collisions of neutral projectiles with He targets; therefore, in order to use the He projectile on Ne target data, we will reverse the roles of the projectile and target. This reversal can be effected by a simple relabeling of the cross sections in Table  III . The cross section i 0j with a He target ͑He final charge state i and Ne final charge state j͒ will be found in Table III as j 0i with a Ne target. In the remainder of this paper, it will be assumed that He is the target.
With regard to the He-He collisions reported in Table II , our measured total loss cross sections are in quite good agreement with measurements by Pedersen et al. ͓19͔ , if we assume that our beam had a 25% metastable component. How this influences the individual cross sections is impossible to say, but some clues can be obtained by comparing target and projectile ionization cross sections in this symmetric collision. For example, single and double ionization of the target can be compared to single and double loss from the projectile, if one keeps in mind that the target always is initially in the ground state whereas the projectile is sometimes in a metastable state. Doing such a comparison indicates that the perturbing effects to the present data by metastable projectiles are quite important below 200 keV/u, but are relatively unimportant at higher energies.
As discussed in Sec. II, the e-n process results in the ionization of only one collision partner, so 1 00 is the cross section for the e-n process. The e-e process results in the ionization of both collision partners, so 1 01 is the cross section for the e-e process ͓again, the ͑e t -n p ͒͑e p -n t ͒ process could also lead to ionization of both partners, but it is a second-order process and is dominated by the first-order e-e process at the high energies we consider here͔. Therefore, to demonstrate the relative importance of e-e versus e-n processes for removing a single electron from the target, in Fig.  1 we plot the ratio 1 01 / 1 00 as a function of impact energy for various collision systems. Also shown in the figure are the scaled binding energies of the projectile electrons.
Several things are immediately obvious from Fig. 1 . First, for all neutral projectile velocities greater than the velocities of the bound projectile electrons, the relative importance of e-e compared to e-n ionization mechanisms tends to saturate at a value of 60-100 %. This saturation typically is reached for impact energies roughly four times that of the scaled threshold energy, i.e., ͑M / m͓͒͑E bind ͒ proj + ͑E bind ͒ targ ͔. These threshold energies are shown in the figure. Here M and m are the projectile and electron masses, respectively, and E bind are the binding energies for the target and projectile electrons ͓28͔. Note that, for the heavier projectiles, the K-shell electrons are too tightly bound to be liberated in the present impact energy range and therefore do not participate in e-e ionization processes. Second, note that the relative importance of e-e versus e-n processes is much smaller for singly charged ion impact. This qualitative feature is in accordance with the simple predictions given in Table I , although quantitatively the predicted ratios are much larger than those observed.
The second thing to note in this figure is that the ratios do not sharply drop in magnitude for impact energies below the thresholds shown. This is in part due to the momentum distribution of the projectile electrons and in part to the secondorder e-n mechanism which contributes to simultaneous ionization of both collision partners.
In Fig. 2 we test our simple scaling predictions presented above by plotting cross sections for target and projectile ionization via e-n processes, e.g., e-n targ for projectile ionization by the partially screened target nucleus and e-n proj for target ionization by the partially screened projectile nucleus, and for e-e processes, all data for 0.5 MeV/u collision energies, the highest energy our data allow. Also note that extrapolation of ground and metastable state cross sections given in Ref. ͓19͔ implies a minimal influence due to metastable contamination of our He beam. The e-n cross sections are plotted versus the projectile Z while the e-e processes are plotted versus the number of projectile electrons available to participate in the collision. From Fig. 1 we see that for 0.5 MeV/u impact energies this means that N =1, 2, 3, 4, 6, and 8 for neutral H, He, Li, C, O, and Ne impact, respectively.
According to our scaling arguments, we expect the e-e cross sections to increase linearly with N. Figure 2 shows that qualitatively this is correct, but quantitatively the increase is slightly slower. This difference may be significant, but we note that within experimental uncertainties a linear increase with N is observed.
Looking now at the e-n cross sections we expect the e-n proj cross sections, i.e., ionization of helium by neutral atoms and singly charged ions, to scale as Z eff 2 , where Z eff is the partially screened projectile nuclear charge. Using the proton impact cross section as a standard, we found that Z eff is 1.3 for He + and Li + impact, is approximately 2 for C + impact, and systematically increases from approximately 0.7 to 1.3 for H, He, and Li atom impact, after which it remains roughly constant up to Ne atom impact. More difficult to understand are the cross sections for ionization of various neutral projectiles by helium atoms, i.e., the e-n targ cross sections. Proton impact ionization cross sections for various atomic and molecular targets have been found to scale according to the number of loosely bound outer-shell target electrons ͓29-33͔. This scaling is moderated to some degree by the binding energies of the electrons, i.e., more loosely bound electrons ionize much more easily than those with higher ionization potentials. Therefore, compared to the ionization cross sections of an H projectile, we would expect a slightly larger cross section for He, and much larger cross sections for Li, C, and Ne. These features generally are not seen. Finally, in Fig. 3 we compare absolute cross sections for single ionization of helium by bound and free electrons. According to Table I and Fig. 1 we expect that, compared to free electron impact, the e-e processes, i.e., ionization by bound electrons, should scale in the following manner: 1 for H and He + impact, 2 for He impact, 3 for Li impact, 4 for C impact, 6 for O impact, and 8 for Ne impact. Thus, the mea- sured cross sections divided by the expected scaling behavior are shown in Fig. 3 . We note that all the bound-electron impact data tend to merge together for impact energies well above threshold but all are considerably smaller than for free electron impact. This may reflect the influence of selfscreening by the other projectile electrons which has the effect of reducing N, i.e., the cross sections should be scaled by N eff rather than by N. Also observe the sharper threshold for free electron impact in comparison to those for bound electron impact. This indicates the influence of the projectile momentum distributions associated with e-e processes, and also the influence of second-order e-n effects, which contribute quite strongly for impact energies far below threshold.
V. CONCLUSIONS
An extensive investigation of ionization occurring in atom-atom collisions has been presented. Experimental data covering a rather broad range of neutral projectiles and impact energies have been used to probe the relative importance and scaling behavior of e-e and e-n ionization mechanisms. In addition, ionization of helium by free electrons and ionization by bound electron impact have been compared. From these data and comparisons, it has been shown that neutral atoms tend to induce ionization nearly as efficiently as do singly charged ions even though no long-range Coulomb forces are present. We have also shown that within experimental uncertainties e-e ionization cross sections scale with the number of available projectile electrons, as expected. Finally, we have directly compared the probabilities for ionization of a target atom by free and bound electrons and have found that bound-electron-induced cross sections are systematically smaller than those for free electron impact. 
